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Human Coronary Atherosclerosis
Mario Gössl, MD,* Daniele Versari, MD,* Heike A. Hildebrandt,*
Thomas Bajanowski, MD,§ Giuseppe Sangiorgi, MD,¶ Raimund Erbel, MD,
Erik L. Ritman, MD, PHD,† Lilach O. Lerman, MD, PHD,‡ Amir Lerman, MD*
Rochester, Minnesota; Essen, Germany; and Milan, Italy
O B J E C T I V E S Our aim was to investigate the role of coronary vasa vasorum (VV) neovascularization
in the progression and complications of human coronary atherosclerotic plaques.
B A C KG ROUND Accumulating evidence supports an important role of VV neovascularization in
atherogenesis and lesion location determination in coronary artery disease. VV neovascularization can
lead to intraplaque hemorrhage, which has been identiﬁed as a promoter of plaque progression and
complications like plaque rupture. We hypothesized that distinctive patterns of VV neovascularization
and associated plaque complications can be found in different stages of human coronary atherosclerosis.
METHOD S Hearts from 15 patients (age 52  5 years, mean  SEM) were obtained at autopsy,
perfused with Microﬁl (Flow Tech, Inc., Carver, Massachusetts), and subsequently scanned with
micro-computed tomography (CT). The 2-cm segments (n  50) were histologically classiﬁed as either
normal (n  12), nonstenotic plaque (50% stenosis, n  18), calciﬁed (n  10) or noncalciﬁed (n  10)
stenotic plaque. Micro-CT images were analyzed for VV density (number/mm2), VV vascular area fraction
(mm2/mm2), and VV endothelial surface fraction (mm2/mm3). Histological sections were stained for
Mallory’s (iron), von Kossa (calcium), and glycophorin-A (erythrocyte fragments) as well as endothelial
nitric oxide synthase, vascular endothelial growth factor, and tumor necrosis factor-alpha.
R E S U L T S VV density was higher in segments with nonstenotic and noncalciﬁed stenotic plaques as
compared with normal segments (3.36  0.45, 3.72  1.03 vs. 1.16  0.21, p  0.01). In calciﬁed stenotic
plaques, VV spatial density was lowest (0.95  0.21, p  0.05 vs. nonstenotic and noncalciﬁed stenotic
plaque). The amount of iron and glycophorin A was signiﬁcantly higher in nonstenotic and stenotic plaques
as compared with normal segments, and correlated with VV density (Kendall-Tau correlation coefﬁcient 0.65
and 0.58, respectively, p 0.01). Moreover, relatively high amounts of iron and glycophorin A were found in
calciﬁed plaques. Further immunohistochemical characterization of VV revealed positive staining for
endothelial nitric oxide synthase and tumor necrosis factor-alpha but not vascular endothelial growth factor.
CONC L U S I O N S Our results support a possible role of VV neovascularization, VV rupture, and
intraplaque hemorrhage in the progression and complications of human coronary atherosclerosis. (J Am
Coll Cardiol Img 2010;3:32–40) © 2010 by the American College of Cardiology Foundation
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33therosclerosis is a progressive, inflammatory
disease of the vascular wall that begins
at an early age as fatty streaks and pro-
gresses into raised lesions and mature
theromas in adulthood, often containing cal-
ium hydroxyapatite deposits (1). A high corre-
ation between the histological extent of the
therosclerotic plaque and its calcium deposition
as been shown in the coronary vessels for all ages
nd both sexes making the calcification a surro-
ate measure of coronary atherosclerosis (2).
See page 41
raditionally, the outer wall, which includes the
dventitial layer and the vasa vasorum (VV), has
een considered to play a passive role in atherogen-
sis. In contrast to this view, previous reports
uggest that the adventitial layer may play a signif-
cant role in maintaining vessel integrity, and may
ontribute to the initiation and progression of the
therosclerotic as well as the remodeling process
3). Indeed, experimental studies demonstrated that
anipulation of the adventitia, and more specifi-
ally of the VV, could lead to changes in the intimal
ayer, resembling the atherosclerotic process (4).
sing micro-computed tomography (CT) technol-
gy in large animal models, we have demonstrated
hat early atherosclerosis is associated with neovas-
ularization of the VV (5). Among other mecha-
isms, VV may contribute to progression of athero-
clerosis by virtue of mediating, localizing, and
romoting the influx of lipids and infiltrates of
nflammatory cells, which are characteristic of un-
table plaques (6,7). Moreover, fragility of newly
ormed VV and tendency to leak or break may
ediate intraplaque hemorrhage, which is a major
vent occurring frequently during the development
f the atherosclerotic lesion (8) that can progress
cutely to plaque rupture, eventually resulting in a
hromboembolic event or acute occlusion of the
essel (9,10).
Thus, it may be speculated that VV neovascular-
zation has a role in the initiation and progression
tages of atherosclerosis, by promoting cell prolif-
ration, migration, and matrix production in the
laque. The current study was designed to test the
ypothesis that segmental VV neovascularization
nd its complications of VV rupture and intraplaque
emorrhage correlate with the development and
rogression of human coronary atherosclerotic
laques. TE T H O D S
pecimens
he study protocol was reviewed and approved by
he Mayo Foundation Institutional Review Board.
ifty coronary arterial segments (from 20 coronary
rteries: 10 left anterior descending coronary arter-
es, 5 right coronary arteries, 5 left circumflex
rteries) were obtained at autopsy from 15 patients.
atients’ clinical data were obtained by reviewing
he clinical files and documented by codes to avoid
ny identifying details. Artery segments were
istologically classified as normal when no ath-
rosclerotic plaque was present (n  12). Segments
ith mild, nonlumen-compromising plaque (50%
umen diameter stenosis) were classified as non-
tenotic plaque (n  18). If lumen-compromising
therosclerotic plaque was present on histology
50% lumen diameter stenosis), the segments
ere either classified as noncalcified stenotic (n 
0, 50% plaque area calcification) or calcified
tenotic plaque (n  10, 50% lumen
iameter stenosis and 50% plaque area
alcification). Calcification was defined as
laque calcification.
icro-CT Analysis
pecimen preparation and imaging. During
utopsy the hearts were harvested with
pecific care for the tissue surrounding the
rteries in order to avoid damage to the
dventitia. The coronary arteries were in-
ected with Microfil (Flow Tech, Inc., Carver,
assachusetts) and prepared for micro-CT scan-
ing as described in detail previously (11).
nalysis. Data analysis was performed using Ana-
yze software (Biomedical Imaging Resource,
ochester, Minnesota). In each segment, 35 to 40
ross sections at 400-m intervals were chosen for
egion of interest analysis and averaged (12). In
ach micro-CT cross section, the vessel wall area
defined by the outer border of the adventitia) was
etermined as described in detail before (5,11). VV
arameters were determined as described in detail
efore (13). A connectivity tool, included in the
nalyze software, was applied on the 3-dimensional
mages of the arterial segments. As shown in Figure 1,
his tool enables the identification of the vascular
tree” of each VV and tracking of its origin. That
ay, internal VV (originating directly from the
ain lumen) can be differentiated from external VV
originating from a major coronary branch) (11).
A B B
A N D
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34ures including only those VV that are actually
erfused (i.e., connected to the systemic circulation)
nd excluding vessels that are in close proximity to
he adventitia but are actually not VV.
istology. After embedding in paraffin, cross sec-
ions of the arteries were mounted on slides and
tained with hematoxylin and eosin. Parallel histol-
gy cross sections were used to confirm the accuracy
f adventitial outer border tracing and VV identi-
cation in the micro-CT images as described in
etail previously (11).
ON KOSSA CALCIUM STAINING. Sections were depar-
ffinized, hydrated to distilled water, and placed in 6%
liver nitrate for 30 min in an incubator. Afterward,
he sections were rinsed in distilled water and incu-
ated in 5% sodium thiosulfate for 5 min. The
ections were washed in running tap water for 5 min
nd counterstained in 0.1% nuclear fast red for 3 min.
fter rinsing in distilled water, the sections were
ounted and visualized under a microscope (Fig. 2).
LYCOPHORIN A STAINING. Erythrocytes fragments
ithin calcified and noncalcified plaques were iden-
ified using antibodies against glycophorin A
CD235a, 1:100, DakoCytomation, Carpinteria,
alifornia) on deparaffinized histology sections
Fig. 3). Normal human bone marrow sections were
sed for positive control studies.
ALLORY’S IRON STAINING. After deparaffinizing
Figure 1. Volume-Rendered Micro-Computed Tomography Imag
Volume-rendered 3-dimensional micro-computed tomography imag
noncalciﬁed and calciﬁed plaque areas are indicated by the arrows
light blue (VV externa) or red (VV interna, directly originating fromnd hydrating in water, the sections were stained in otassium ferrocyanide/hydrochloric acid solution
50 ml 5% potassium ferrocyanide, 50 ml 5%
ydrochloric acid) for 10 min. The sections were
insed in distilled water, stained in nuclear fast red
or 5 min, and washed in running water for 2 min.
inally the sections were mounted and visualized
nder a microscope.
ASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF), TU-
OR NECROSIS FACTOR (TNF)-ALPHA, AND ENDOTHE-
IAL NITRIC OXIDE SYNTHASE (ENOS) STAINING. The
lides were cut at 4 m. Antigen retrieval was
erformed using a Black and Decker rice steamer
Towson, Maryland) and Dako Antigen Retrieval
olution. The slides were then blocked with 5%
ydrogen peroxide for 15 min. Factor VIII antibody
1:50) was left on for 30 min. The Dako LSAB2 kit
as used for the secondary and tertiary steps. Dako
AB chromogen was used. After this, the slides were
laced in the appropriate antibody (eNOS pre-dilute,
EGF 1:250, TNF-alpha 1:50) for 60 min. The
ako LSAB2-AP kit was used for the second half of
taining followed by the permanent red chromogen.
LYCOPHORIN A AND IRON SCORING. The percentage
f vessel wall/plaque area showing glycophorin A
nd iron deposits was graded semiquantitatively by
independent observers using a scale from 0 to 4,
ith higher scores indicating higher percentages
1  25%, 2  25 but 50%, 3  50 but
of a Coronary Plaque and VV
a right coronary artery showing the main coronary lumen in red;
ncalciﬁed plaque is transparent). Vasa vasorum (VV) are shown in
main lumen).ing
e of
(no75%, 4  75%).
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35tatistical Analysis
ontinuous data are expressed as mean  standard
rror of the mean. One-way analysis of variance,
ollowed by a Tukey-Kramer post hoc test with
orrection for multiple comparisons, was used to
dentify the statistical differences among groups.
ndividual group comparisons were performed by
n unpaired Student t test. Statistical significance
as accepted for a value of p  0.05.
E S U L T S
atients and arterial segments characteristics. Clini-
al data are summarized in Table 1. The cause of
eath was trauma (n  8), sepsis (n  6), and
uicide (n  1).
icro-CT data. VV spatial density was significantly
igher in coronary segments with nonstenotic
nd noncalcified stenotic plaques as compared
Figure 2. Micro-CT and Histology of a Calciﬁed Stenotic Plaque
(A) Hematoxylin and eosin (H&E) cross-sectional histology slide of a
histology with micro-computed tomography (CT) are labeled. (B) Co
section. A plaque calciﬁcation is shown as a dark intensity, the lum
identiﬁes the outer adventitial border. (C) Magniﬁed view of the pla
calciﬁcation is shown in its largest extend. (E to H) Different stains
hemosiderin, and glycophorin A for erythrocyte fragments. These re
and evidence for intraplaque hemorrhage.ith normal and calcified stenotic plaque seg- nents (Table 2). Calcified plaque segments actu-
lly had a spatial VV density similar to normal
egments. These data conceivably also translated
nto significantly higher VV vascular area frac-
ions and VV endothelial surface fractions in
onstenotic and noncalcified stenotic plaques
ompared with normal and calcified stenotic
laque segments. Adding up the endothelial sur-
ace area of all VV within the vessel wall showed
hat as much as 45% and 67% of the calculated
ain luminal endothelial surface area is available
hrough the VV in the vessel wall of nonstenotic
nd noncalcified stenotic plaques (significantly
ore than in normal segments [17%]). Although
V density and fractions were not different in
alcified stenotic plaque segments compared with
ormal segments, with 32% there was still signif-
cantly more endothelial exchange surface avail-
ble through the VV in the calcified than in
anterior descending artery; anatomical landmarks for matching
ponding micro-CT image close to the same level of the histology
intensity represents Microﬁl. Indicated is also the “halo,” which
in A. (D) Micro-CT cross section upstream of section in B; the
e calciﬁed area, H&E, von Kossa for calcium, Mallory’s for iron/
sentative examples demonstrate the close association of calciumleft
rres
inal
que
of th
preormal vessel wall (Table 2).
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36There was a significantly higher ratio of external/
nternal VV in noncalcified stenotic plaque seg-
ents compared with all other segments. The ratio
lready tended to be higher in nonstenotic plaques
ompared with normal segments (Fig. 4).
istology. Using van Kossa (calcium deposits),
allory’s (iron, hemosiderin), and glycophorin-A
taining (erythrocyte fragments), we were able to
dentify intraplaque hemorrhage likely through VV
upture in noncalcified and calcified plaques
Figs. 2 and 3). Interestingly, plaque calcification
as associated with iron and glycophorin A staining
uggesting that recurrent intraplaque hemorrhage is
ssociated with plaque calcification (Fig. 2). VV den-
ity correlated negatively with the area of calcification
r  0.42, p  0.001) (Fig. 4).
Further characterization of VV revealed staining
or the eNOS, the inflammatory marker TNF-
Figure 3. Glycophorin A Staining in Different Atherosclerotic St
Representative examples of glycophorin A staining counterstained w
plaque (C) and the corresponding magniﬁcations (right). We did no
ments but signiﬁcant positive staining in atherosclerotic plaque seglpha, but not VEGF (Fig. 5). There was no dignificant difference in the stains described in the
receding text between the different plaque types,
xcept for a higher tendency for positive TNF-
lpha staining of VV within diseased coronary
rtery segments.
lycophorin A and iron scores. As shown in Figure 3
nd Table 2, the nonstenotic and noncalcified
tenotic plaque segments had significantly higher
cores of glycophorin A and iron staining than
ormal and calcified stenotic plaque segments. The
endall-Tau-beta rank correlation coefficient for
V density and iron score were 0.65 (p 0.01) and
.58 for VV density and glycophorin A score (p 
.01), respectively.
I S C U S S I O N
he current study demonstrates a significant
s
hematoxilin (left) of normal (A), nonstenotic (B), and stenotic
serve evidence for erythrocyte fragments in normal coronary seg-
ts.age
ith
t obifference in the pattern of VV distribution in
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37uman coronary arteries in different stages of
therosclerosis. VV spatial density was higher in
rtery segments with nonstenotic plaques and
urther increased in segments with noncalcified
tenotic plaque. Overall, VV neovascularization
n nonstenotic and stenotic plaques was strongly
orrelated with the histological markers of in-
raplaque hemorrhage. Nevertheless, once the
laques showed significant calcification, VV spa-
ial density significantly decreased to levels not
ifferent from normal coronary segments. Indeed,
here was a negative correlation between VV
ensity and the area of calcification within calci-
ed coronary artery sections in micro-CT. How-
ver, compared with normal segments, calcified
laque segments had higher glycophorin A and
ron scores indicating past intraplaque hemor-
hages. Hence, the current study further supports
he association between adventitial VV neovascu-
arization and the progression and complication
hases of the atherosclerosis process.
The current study is in accord with previous
utopsy studies and supports the notion of a role
Table 1. Patient Demographics and Clinical Data (n  15)
Sex, male 10 (67)
Age, yrs 52 5
BMI, kg/m2 24 1
Systolic blood pressure, mm Hg 134 9
Diastolic blood pressure, mm Hg 73 4
Heart rate, beats/min 79 5
Family history of early CAD 3 (20)
Hypercholesterolemia 4 (27)
Hypertension 8 (53)
Diabetes 2 (13)
Smoking 3 (20)
Values are n (%) or mean  SEM.
BMI  body mass index; CAD  coronary artery disease.
Table 2. Micro-CT and Histology Analysis Data (Mean  SEM)
Normal
(n  12)
Vessel wall area (mm2/section) 5.22 0.58*
VV count (n/section) 4.62 0.55
VV density (n/mm2/section) 1.16 0.21
VV vascular area fraction (mm2/mm2/section) 0.004 0.0006
VV endothelial surface fraction (mm2/mm3) 0.22 0.04
Ratio VV ESA/lumen ESA 0.17 0.02
Glycophorin A score (n  50 sections) 0.16 0.05
Iron score (n  50 sections) 0.10 0.04
Micro-computed tomography (CT) data are normalized to the main coronary l
§p  0.05 versus calciﬁed stenotic plaque; p  0.001 versus nonstenotic plaq
ESA  endothelial surface area; VV  vasa vasorum.f intraplaque hemorrhage (iron and glycophorin A
eposits), by virtue of VV rupture or an injury to the
ndothelial lining of the main coronary lumen, in
he mechanism of plaque calcification. The mech-
nism of this process may be speculated upon: the
mmature VV vasculature tends to leak and together
ith rupture of fragile VV neovasculature may lead
o intraplaque hemorrhage. This may support the
evelopment of calcified plaque segments and may
e a natural attempt to stabilize the plaque after
ubclinical intraplaque hemorrhage that did not
ead to a plaque rupture with major coronary occlu-
ion and sudden cardiac death.
The atherosclerotic process has a heteroge-
eous distribution on the surface of the vascular
ree, as observed in autopsies as well as in
oronary angiography and intravascular ultra-
ound studies (14). The mechanism of this non-
niform expression can be partially explained by
ifferent shear stress forces in regions like bifur-
ations and curves (15). However, hemodynamic
echanisms may not completely explain the het-
rogeneity of plaque distribution within arterial
egments and even at the same cross section.
ence, it has become important to identify co-
actors for plaque initiation and progression as
ell as complications in order to assess the plaque
urden accurately and modify the natural history
f the disease. Utilizing micro-CT, we have
reviously demonstrated, in the human and por-
ine circulation, the heterogeneity of adventitial
V density among different vascular beds in
elation to their known susceptibility to develop
therosclerosis (16,17). In addition, we found
hat VV spatial density is increased in hypercho-
esterolemic porcine coronary arteries compared
ith normal pigs, suggesting a significant role for
he adventitial VV in the early atherosclerotic
Nonstenotic Plaque
(n  18)
Noncalciﬁed Stenotic Plaque
(n  10)
Calci
5.48 0.81* 5.63 0.62*
12.47 1.51† 15.00 2.89‡
3.36 0.45†§ 3.72 1.03†§
0.01 0.001‡§ 0.016 0.0025*‡
0.60 0.07†§ 0.76 0.18*‡
0.45 0.05† 0.67 0.15‡§
2.10 0.15‡§ 2.80 0.14‡¶
1.88 0.15‡§ 2.58 0.15‡¶
n radius. *p  0.01 versus calciﬁed stenotic plaque; †p  0.01 versus normal; ‡
p  0.001 versus calciﬁed stenotic plaque.ﬁed Stenotic Plaque
(n  10)
11.78 2.26
9.22 1.30†
0.95 0.21
0.004 0.0007
0.19 0.04
0.32 0.02‡
1.58 0.15‡
1.40 0.04‡
ume p  0.001 versus normal;
ue; ¶
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38emodeling process before vasofunctional alter-
tions and plaque formation (18).
Vessels with mild atherosclerosis exhibit prolif-
ration of VV in the adventitia that results in
ncreased VV count and density. Based on our
-dimensional analysis, VV neovascularization is
ronounced at the level of external VV; the ratio of
xternal VV to internal VV never becomes 1
uring the atherosclerotic process although it has
een demonstrated that growth of internal VV is
timulated by neointima formation, likely secondary
o higher oxygen demand of the tissue (19). This
emodeling of the adventitia is further increased in
egments with evident plaque. Although VV neo-
ascularization may serve as a compensatory mech-
nism to counteract vessel wall ischemia, the exten-
Normal Non-stenotic
Plaque
Non-calcified
Stenotic
Plaque
*
Calcified
Stenotic
Plaque
y = -2.2309x + 6.4525
R2 = 0.1757
0.5 1 1.5 2 2.5
VV Density (#/mm2)
V Anatomy and Correlation With Plaque Calciﬁcation Area
r graph shows the ratio of external to internal vasa vasorum
4 different groups. The noncalciﬁed stenotic plaque segments
signiﬁcantly higher ratio compared with normal segments. (B)
between VV density and calcium area in about 4 cross sec-
oronary artery segment containing a calciﬁed plaque. There
erate, negative correlation between VV density and calcium
n selected cross sections (r  0.42). *p  0.001.ive VV network may function as a conduit for curther entry of macrophages and inflammatory
actors that may potentially promote the progres-
ion of inflammation and plaque formation. Indeed,
nhibition of angiogenesis has been shown to reduce
acrophages in the plaque and around the VV
20). Further characterization of VV in our stud-
es using immunohistochemistry showed expres-
ion of eNOS in all plaque types and expression
f TNF-alpha especially in diseased segments.
e did not observe expression of VEGF, which
ay have been affected by the age and processing
f the specimen.
The neovascularization process, which accompa-
ies the evolution of the atherosclerotic process,
eads to the formation of many new vessels and
herefore to an increased probability of intraplaque
emorrhage. This process is also enhanced by the
ortuosity and frailty of the newly-formed microves-
els. Intraplaque hemorrhage is associated with
ncrease in the size of the necrotic core and lesion
nstability in coronary plaques (6). However, before
he final plaque rupture, the deposition of blood
roducts in the plaque interstitium (21) may be
esponsible for further stimulation of the inflamma-
ory process and may be followed by organization
nd fibrosclerosis, leading eventually to calcium
eposition.
Coronary artery calcification is pathognomonic
f atherosclerosis and its extent is related to the
laque burden and not to the degree of obstruction
22). Identification and quantification of arterial
alcification is a reliable method of predicting the
isk of cardiovascular events, especially when the
alcium score is adjusted to age and sex (23).
rterial calcification is known to start in the early
tages of atherosclerosis and to represent an active
rocess of mineralization and hydroxyapatite crys-
als deposition (24). Moreover, a recent study dem-
nstrated that microcalcification is associated with
laque vulnerability and positive remodeling (25).
owever, the mechanism and the source of the
alcification process, whether it is part of the
amage (e.g., inflammation) or part of the repair
rocess involving osteogenic endothelial progenitor
ells (26), is still under investigation.
tudy limitations. This autopsy study represents a
elected patient cohort; an inherent selection bias
annot be excluded. Due to the sample preparation
rocess, no molecular mechanistic studies can be
erformed on the same arterial segment to ex-
lore the molecular mechanisms of VV neovas-0
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39s a correlative study, the results cannot deter-
ine causation; in particular, even if it is likely
hat calcium deposition followed repeated plaque
V rupture/hemorrhage, it is possible that a
rimitive fibrosclerotic process, induced by the
nflammatory process, may induce the deposition
f calcium and make the plaque less metabolically
ctive and less in need of nourishment, causing
ventually a decrease in VV density. However, it
s unlikely that the increased amount of vessels
ound in the mature, noncalcified plaque can
pontaneously regress. Alternatively, they could
e compressed by surrounding fibrosclerotic tis-
ue, thus becoming invisible for micro-CT,
hich detects only patent microvessels connected
o the circulation. Also, the observed evidence for
V rupture in the form of iron and glycophorin A
eposits may have occurred after the process of
laque calcification; the current study design did
ot allow looking at different time points of
laque progression. In the current study we did
ot determine iron deposition using micro-CT
echnology as shown previously in rodent stud-
Figure 5. VV Characterization With Immunohistochemistry
In order to further characterize the human coronary vasa vasorum (
stained for endothelial nitric oxide synthase (B, arrowhead), tumor
factor (D). Although endothelial nitric oxide synthase and tumor ne
vascular endothelial growth factor expression was not detected in tes (27). EO N C L U S I O N S
he current study supports a role for coronary VV
ot only in the initiation of atherosclerosis but
hroughout the atherosclerotic process, including
he progression phase (i.e., plaque growth and
emodeling) and complication phase (i.e., in-
raplaque hemorrhage and calcification). The strong
ssociation of iron and glycophorin A deposits in
alcified plaques may indicate that recurrent VV
upture and intraplaque hemorrhage promotes
laque calcification. The segmental heterogeneity
f VV and early evidence of intraplaque hemor-
hage further support the role of the VV in the focal
omplication of coronary atherosclerosis. In vivo
maging techniques assessing VV neovasculariza-
ion in atherosclerosis may help to further define
laque vulnerability and guide medical therapy in
he future (28).
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(H&E stain of VV in A, arrowhead), histology sections were
osis factor-alpha (C, arrowhead), and vascular endothelial growth
is factor-alpha expression were found within VV endothelial cells,
urrent study samples.VV)
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